ABSTRACT In this paper, an adaptive control scheme based on backstepping techniques is proposed for a class of servo systems driven by twin motors with unknown actuator failures. Unlike the existing results about fault tolerant control of such servo systems, the proposed adaptive control scheme can adjust the parameters' estimation automatically with the change of unknown parameters caused by unknown actuator failures. Since the parameters of control reconfiguration are updated directly by adaptive law, system performance can be improved significantly and the resulting controller structure is much simpler. In addition, the requirements on the upper bounds of matched and unmatched uncertainties are relaxed, namely, such bounds are no longer needed in the proposed control law. Finally, simulation results also demonstrate the effectiveness of the control scheme.
I. INTRODUCTION
With the rapid development of science and technology, the application of servo systems is expanding in practice, especially in manufacturing, military and other fields as in [1] , [2] . The servo system mainly aims at precise motion control and enough force output. To achieve accurate drive and system control performance, advanced techniques including the electromechanical energy conversion and drive control technology, detection technology, automatic control technology and computer control technology are often to be comprehensively used. The servo system mainly consists of two parts, one is the motor, the other is the control algorithm. The controller plays a significant role during the operation of servo systems. Therefore, more and more advanced control technologies including robust control, neural network control [3] - [10] , adaptive control and fuzzy control [11] , [12] have been applied to the controller design for improving the performance of systems.
Compared with the traditional single-motor servo system, using twin motors to drive the load together can provide more drive power. The same as single motor servo system, nonlinear characteristic of actuators, for example backlash, dead zone, saturation have been also widely studied in twin motors system. The electric anti-backlash technology [1] has been used to eliminate the influence of the backlash existed in the transmission mechanism to improve the servo precision. On the other hand, actuator failure seems inevitable and such failure may lead to instability or even catastrophic accidents. Therefore, the fault control strategy [13] - [19] ensuing the system can still operate well in the event of unknown failure is important to guarantee the reliability of the servo system. Compared with the fault tolerant control shown in [13] , the proposed adaptive actuator failure compensation control can adjust the parameters estimation automatically with the change of unknown parameters caused by unknown actuator failures. To obtain this adaptive control scheme, backstepping technique is used in the design of recursive algorithm. Backstepping is a Lyapunov-based scheme proposed in the beginning of 1990s which has been comprehensively addressed in [20] . The idea of backstepping is to design a controller recursively by considering some of the state variables as 'virtual controls' until the final control law is formed. Backstepping technique is an effective way to solve the problems with unknown parameters exist in the system models, for see [13] - [15] , [17] - [21] .
In this paper, to compensate unknown failures of actuators which are often uncertain in time, value and pattern, we need to restructure system model and represent such failures as parameterized form [13] - [15] , [17] - [19] . Then unknown parameters caused by failures will be estimated by designing online update laws based on backstepping technique. To deal with the different uncertainties caused by unmatched disturbance d 1 (t) and matched disturbance d 2j (t), two different methods are used. The unknown upper bound of matched disturbance d 2j (t) will be estimated while the effect cause by unmatched disturbance d 1 (t) is divided by using Yong's inequality. The main contributions of the proposed failure compensation control laws for servo system driven by twin motors can be summarized as follows: (1) The control problem is investigated for servo system driven by twin motors with unknown actuator failures. Different from most of existing results about failure compensate control for strict feedback nonlinear systems, unmatched disturbance is considered in this servo system; (2) Since parameters of control reconfiguration are updated directly by adaptive law, the resulting controller structure is much simpler. In addition, the estimations of unknown parameters make the compensation of uncertainties caused by unknown parameters become more accurate. Then system performance can be improved greatly; (3) Compared with fault tolerant control scheme, fault detection is not necessary. Which implies system performance can be improved. It is important to design an efficient controller for practical systems. The effectiveness of proposed control scheme is demonstrated by simulation studies; (4) The upper bound assumption of d 1 (t) and d 2j (t) is relaxed in this paper while the similar assumption in [13] is more conservative.
The rest of the paper is outlined as follows. In section 2 models and problem statement are presented. Control laws and systems performance analysis are given in section 3. Simulation is shown in section 4 and conclusion of this paper is given in section 5. 
II. MODEL AND PROBLEM STATEMENT
The servo system driven by twin motors as shown in Fig. 1 is considered. Similar with that of [13] , the mathematical model iṡ
where 
where a, a 1j and a 2j are known positive constants. Then we can rewrite system model (1) aṡ
where y is output. Clearly, all corresponding parameters of these twin motors are equal. Namely a 11 = a 12 = a 1 , a 21 = a 22 = a 2 . Let
Therefore, system model can be rewritten aṡ
From (3) and (5), we know that θ and b are both known constants.
Remark 1:
• In the considered servo system, control inputs and unknown actuator failures are originated from actuators, so they are in the same channel in (6) . For failure compensation control of strict feedback systems by using backstepping, the above requirement about controller and fault are common, as shown in [15] and [17] - [19] .
• Compared with existing results of actuator failure compensation control by backstepping technology, the existence of unknown disturbances d 1 and d 2 in different channels of such servo system (1) and (6) brings many difficulties for controller design and system analysis.
In the following we will consider unknown failures of actuators during the system operation. As in [19] , unknown failure of the j-th (j=1,2) actuator at time instant t jf can be modeled as
where v j is the input signal which needs to be designed. u kj represents the stuck value of actuator which is an unknown parameter. Unknown parameter f j represents the partial loss rate of actuator effectiveness and the range of the unknown parameter is 0 ≤ f j ≤ 1. Three different cases are discussed as follows
• f j = 0, it indicates total failure of the actuator and u j (t) = u kj ;
• 0 < f j < 1, it indicates partial failure of the actuator and
• f j (t) = 1, it indicates actuator works normally and u j (t) = v j (t). To design the adaptive compensation control law, the following assumptions are needed.
Assumption 1: d 1 (t) and d 2j (t) are bounded by unknown constants.
Remark 2: From (5) and Assumption 1, we can easily get d(t) is bounded by unknown constant. Clearly, the upper bound assumption of d 1 (t) and d 2j (t) is relaxed in this paper than the similar assumption shown in [13] which requires the upper bounds are known. Yong's inequality will be used to divide the unknown effect caused by unmatched uncertainty d 1 (t). Then the known part can be compensated directly. The unknown upper bound of d 2j (t) will be estimated by constructing an estimator.
Assumption 2: The reference signal y r and its i-th (i=1,2,3) order derivatives are continuous and bounded.
Remark 3: Recursive derivation of virtual control in every step by using backstepping and the bounded proof of x i by coordinate change (8) require that reference signal and its 1 − 3th order derivatives are known and bounded. Such Assumption 2 is common in backstepping control, for example in [10] , [12] , [15] , and [17] - [21] .
Assumption 3: At least one actuator is not total failure during the operation of systems. Any actuator can change from normal to partial or total failure only once.
From Assumption 3, we know that there is a finite time instant T f and no new failure will occur after T f .
The control goal is to design the input signal v j (t) under the Assumptions 1-3 and unknown actuator failures shown in (7), which can guarantee all signals being bounded and realize the tracking performance to the reference signal y r .
III. CONTROLLER DESIGN AND STABILITY ANALYSIS
In order to carry out the design of control law and adaptive update laws, we make the following coordinate changes. (8) where z 1 represents the tracing error and α i−1 (i = 2, 3, 4) is the virtual control in step i−1. The following recursive design procedure will be given in detail.
A. CONTROLLER DESIGN
Step 1: From (6) and (8) the derivative of tracking error z 1 can be written asż
where α 1 is the virtual control. With the Lyapunov function
by choosing
the derivative ofV 1 iṡ
where c 1 > 0 is a design parameter.
Step 2: From (6) and (8) the derivative of z 2 can be written asż
where α 2 is the virtual control. With the Lyapunov function
where c 2 is a positive design parameter. Then the derivative ofV 2 isV
Step 3: From (6) and (8) the derivative of z 3 can be written asż
where α 3 is the virtual control. With the Lyapunov function
the derivative ofV 3 iṡ
where c 3 is a positive design parameter.
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Step 4: Clearly, the derivative of z 4 iṡ
Note that the 2 j=1 b(f j v j + u kj ) generate the input signals to the plant, where v j (j = 1, 2) is to be designed for the jth actuator. Now the virtual control α 4 is given as
If actuator failures are known, we can choose the control law as
where κ is a desired parametric vector and ω is a known vector to be specified in the stability analysis later. Both κ and ω are three dimensional vectors and can be denoted as
Because κ is unknown owing to unknown failures, it is replaced by its estimationκ in (23). Then the control law is designed as Control Law :
Update Laws : Remark 4: Different methods are used to handle the unmatched uncertainty d 1 (t) and matched uncertainty d 2 (t). An adaptive estimator is designed to estimate the unknown upper bound of d 2 (t) while the effect cause by d 1 (t) will be divided by Yong's inequality. Compared with linear systems, failure compensation control for strict feedback nonlinear systems has some new problem to be resolved, such as the suppression of unknown uncertainties caused by nonlinear modeling errors and disturbance, the estimation of unknown parameters. In this paper we have solved all above problems for controlling servo system driven by twin motors with unknown actuator failures.
B. STABILITY ANALYSIS
We now analyze the stability of the closed loop system (4) with the control law (25) and update laws (26). Suppose that 
Vectors κ and ω are chosen such that
This gives
With (22), (27)- (30) and update laws (26), we havė
Note that
and
Then, (31) can be rewritten aṡ
From (36), it is clear that the negative terms − Note that
where
Therefore, from (36) we can obtaiṅ
is a positive constant and
By direct integrations of the differential inequality (40), we have
Now suppose that p 1 (1 ≤ p 1 ≤ 2) actuators fails at time instant T 1 and no new failure occurs in time interval (T 1 , T 2 ). We use the set Q T to denote the actuators of total failure. It indicates that f i = 0, i ∈ Q T . We use the setQ T to represent the remaining actuators. It means that 0
In the time interval (T 1 , T 2 ), the Lyapunov function can be chosen as
Then (21) can be rewritten aṡ
By fixing ω, κ can be chosen as
With (22), (26), (36) and (43)-(46), we havė
From (47), it is clear that the negative terms − Note that
Therefore, from (47) we can obtaiṅ
By direct integrations of the differential inequality (51), we have
From (42), we can easily obtain that V 0 (0) and V 0 (T According to Assumption 3, there is a finite moment T f and there is no more actuator failure in the time interval (T f , ∞). Clearly, for t ∈ (T f , ∞), we can get that V f (t) is bounded. Then it can be concluded that z i ,D 2 ,κ are all bounded throughout [0, ∞). Now we can obtain the following Theorem.
Theorem 1: Consider the servo system driven by twin motors consisting of system model (1), with unknown actuator failures described by (7) and the adaptive controller including control law (25) and the update laws (26). Under Assumptions 1 to 3, all signals in closed loop system are uniformly bounded. In addition, asymptotic tracking is achieved.
Proof: As analyzed above, signals z i ,D 2 ,κ and y r are bounded, thus y is also bounded. Then from (11) (15) (19) and (22) we can show that α i (i = 1, 2, 3, 4) and x i (i = 1, 2, 3, 4) are bounded. Therefore, all signals in the system are guaranteed to be bounded.
Because V f (t) is bounded, we can get
and Namely,
(57)
IV. SIMULATION STUDIES
In this section, in order to verify the effectiveness of the proposed adaptive control law for servo system driven by twin motors with unknown actuators failures, we perform simulation experiments in Matlab environment. In simulation, system parameters are taken as follows:
Load moment of inertia is J L = 6×10 −2 kg·m 2 and transmission mechanism stiffness coefficient is
where E 3 is 3 order unit array. The initial values are chosen to be When we take reference signals are y r = 1 − e −t and y r = 5 sin(t), three cases are given bellow, respectively.
Case 1: Suppose these twin actuators do not fail all the time. Here to y r = 1−e −t Figures 2-3 show the tracking error, input signals u 1 (t) and u 2 (t), respectively. For y r = 5 sin(t), Figures 8-9 show the tracking error, input signals u 1 (t) and u 2 (t), respectively. Figures 10-11 show the tracking error, input signals u 1 (t) and u 2 (t) to reference y r = 1 − e −t and y r = 5 sin(t), respectively.
Figures 4-5 and
Case 3: When reference is y r = 1 − e −t and y r = 5 sin(t), we suppose at t = 40 second, the actuator 1 is total failed and the output of actuator 1 is stuck at an unknown value 10. Figures 6-7 and Figures 12-13 show the tracking error, input signals u 1 (t) and u 2 (t), respectively.
From the simulation results, it can be clearly seen that the proposed adaptive backstepping controller works well whether failures occur or not. Especially, the effectiveness of this proposed control scheme is conformed by tracking different reference signals.
V. CONCLUSION
An adaptive backstepping control scheme has been proposed for a class of servo system driven by twin motors with unknown actuator failures and uncertainty dynamics in motor motion equations. Unknown failures of actuators include total failures and partial failures are considered. It is shown that the proposed adaptive control laws based on backstepping technology can compensate the uncertainties caused by unknown failures. Stability and tracking performances of closed loop system can also be ensured. In addition, the simulation studies verify the effectiveness of the proposed this control scheme. In the future, the problem of model (6) with unknown parameters should be considered.
